Introduction
Future changes in atmospheric CO2 concentration and climate are likely to affect net primary production and the carbon storage of terrestrial ecosystems [Gates, 1985; Houghton and Woodwell, 1989; Melillo et al., 1990; Jenkinson et al., 1991 ] . A number of modeling studies have applied ecosystem models to examine the equilibrium responses of net primary production and carbon storage of the terrestrial biosphere to elevated atmospheric CO2 concentration and the doubled CO2 equilibrium climate changes predicted by atmospheric general circulation models at the scales of the globe [Melillo et ]. In addition, the effects of transient changes in atmospheric nutrient (e.g., nitrogen) deposition, air pollution (e.g., SO2 and O3), vegetation structure and distribution, and land use, and land cover on terrestrial ecosystems are not considered in this version of the IGSM (Figure 1 ). All these factors have large uncertainties and may affect significantly the global carbon cycle.
In this paper, we report a detailed sensitivity analysis of TEM in the three transient climate change scenarios in the 21st century, which were projected by the IGSM ]. We focus on the temporal dynamics and spatial distribution of annual net ecosystem production (NEP) of the terrestrial biosphere. Annual NEP is defined as the difference between annual net primary production (NPP) and annual heterotrophic respiration (Rh) and represents net CO2 exchange between the terrestrial biosphere and the atmosphere. Positive annual NEP indicates that the terrestrial biosphere is a carbon sink (net CO2 flux from the atmosphere to the biosphere), while negative annual NEP indicates that the terrestrial biosphere is a carbon source (net CO2 flux from the biosphere to the atmosphere). The temporal dynamics and spatial distribution of annual NEP across the terrestrial biosphere play an important role in the global carbon cycle and may have significant implications for discussions of greenhouse gas emissions and climate policies. Our objective in this study is to determine to what extent transient changes in atmospheric CO2 concentration and climate in the 21st century could affect the temporal dynamics and spatial distribution of annual NEP of the terrestrial biosphere. We examine specifically the spatial distribution and temporal dynamics of annual NEP at the scales of the globe, latitudinal bands, biomes, and the economic regions. The data analysis at the latitudinal scale will facilitate our future effort in fully coupling the 2-D land-ocean climate model, which generates a latitudinal gradient of climate change, and the TEM in the IGSM framework. Annual NEP in an economic region represents its ecological capacity for CO2 sequestration. In climate policy and negotiations relevant to anthropogenic CO2 emissions and carbon taxes, it is necessary to quantify the sinks and sources of CO2 in various economic regions of the world. As the IGSM is also used as a tool for climate policy analysis, our analysis about the magnitudes of CO2 uptake by terrestrial ecosystems relative to anthropogenic CO2 sources in economic regions provides a linkage between terrestrial ecosystems and regional economies.
Terrestrial Ecosystem Model (TEM)
The TEM (Figure 2) In this study, we focus on net ecosystem production (NEP), which represents net CO2 exchange between the terrestrial bio- sphere and the atmosphere. The NEP flux is calculated as the difference between net primary production (NPP) and heterotrophic respiration (Rh). In TEM, the NPP flux is calculated as the difference between gross primary production (GPP) and plant respiration (R^). The monthly R^ flux, which includes both maintenance respiration and construction respiration, is calculated as a function of temperature and vegetation carbon. The GPP flux is calculated at each monthly time step as follows [Raich et al., 1991 ] :
where Cma x is the maximum rate of C assimilation, PAR is photosynthetically active radiation, LEAF is leaf area relative to maximum annual leaf area (phenology), T is temperature, CO2 is atmospheric CO2 concentration, H20 is water availability, and NA is nitrogen availability [Raich et al., 1991; McGuire et al., 1992 McGuire et al., , 1993 .
In TEM, the Rh flux represents decomposition of all organic matter in an ecosystem and is calculated at monthly time step as follows [Raich et al., 1991 
Transient Climate Change Scenarios
To assess the sensitivity of net CO2 exchange between the terrestrial biosphere and the atmosphere to future climate change, we used transient climate change predictions for the period of 1977-2100 from the sensitivity study of the IGSM ]. In the IGSM sensitivity study ], the standard parameters and assumptions in the EPPA model and the combined atmospheric chemistry/climate model were first used to generate the reference (RRR) projection of changes in anthropogenic emissions of greenhouse gases and climate. Anthropogenic emissions of CO2 projected by the EPPA model in the RRR projection are similar to the CO2 emissions of the IS92a scenario of the Intergovernmental Panel on Climate Change (IPCC) [ 1995] . Then, the EPPA model projected higher and lower emissions of CO2 and other greenhouse gases by changing labor productivity growth, changes in energy efficiency not induced by price, and cost of noncarbon backstop technologies (e.g., nuclear, solar, and hydropower technologies). The anthropogenic emissions of CO2 and other greenhouse gases from the EPPA model were then used to drive the coupled atmospheric chemistry/2-D land-ocean climate model [Wang et al., 1998 ]. In this coupled chemistry/climate model, vertical ocean heat diffusion coefficients, parameters quantifying direct and indirect aerosol effects, and the climate model sensitivity to doubled CO2 were changed to generate different climate change predictions for a given set of anthropogenic emissions of CO2 and other greenhouse gases from the EPPA model. Overall, seven transient climate change predictions over the period of 1977-2100 were generated in the IGSM sensitivity study ]. In assessing the sensitivity of TEM to transient change in climate and CO2 level, we used three (RRR, HHL, and LLH) of the seven transient climate change predictions. The RRR prediction is generated by using the standard or "reference" set of parameters and assumptions in the IGSM. The HHL prediction has higher CO2 emissions from the EPPA model, slower ocean heat diffusion and smaller aerosol effects, and lower climate model sensitivity to doubling CO2, leading to somewhat larger changes in temperature than the RRR prediction. The LLH prediction has lower CO2 emissions from the EPPA model, faster ocean heat diffusion and larger aerosol effects, and higher model sensitivity to doubling CO2, leading to somewhat smaller changes in temperature than the RRR prediction ( biosphere is likely to increase its uptake of atmospheric CO2 and act as a net carbon sink between 1990 and 2100 in the three transient climate change predictions. The potential total CO2 uptake by the terrestrial biosphere, which is calculated as the sum of global annual NEP over the period of 1990-2100, is about 122.9 Pg C in the LLH, 186.1 Pg C in the RRR, and 240.1 Pg C in the HHL transient climate change predictions. According to projections of the EPPA model, total anthropogenic CO2 emission (fossil fuel combustion plus deforestation) in the period of 1990-2100 is 1253.6 Pg C for the LLH, 1549.6 Pg C for the RRR, and 1797.0 Pg C for the HHL climate change predictions ]. Thus the total carbon uptake by the terrestrial biosphere accounts for 9.8% of the total anthropogenic CO2 emission for the LLH, 12.0% for the RRR, and 13.4% for the HHL climate change predictions. Note that the above global NEP estimates by the TEM model are the potential effects of mature natural vegetation. As contemporary and future land use and land cover changes are not taken into account in these TEM simulations, these NEP estimates do not represent actual terrestrial carbon sinks, rather they represent the tendency of natural terrestrial ecosystems to accumulate carbon in the projected changes in atmospheric CO2 concentration and climate.
Dynamics of Annual NEP for 18 Biomes
The contribution of various biomes to the potential total CO2 uptake of the terrestrial biosphere over the period of 1990-2100 differs substantially (Table 1) The percentage contributions of each biome to the global CO2 uptake are calculated. The three climate change projections are as follows: RRR, reference CO2 emissions and temperature increases; HHL, higher CO2 emission and temperature increase; and LLH, lower CO2 emissions and temperature increases. Total annual NEP in the tropical regions has a slight increase in the LLH prediction but has a relatively large increase in the HHL climate change prediction. In the northem middle to high latitudes, the increase of total annual NEP occurs much earlier and is larger in the HHL than in the LLH climate change predictions (Plate 2). In all three of the climate change predictions, the net CO2 uptake in the tropics appears to be primarily occurring in the tropical evergreen forests, while the net CO2 uptake in the northern middle to high latitudes appears to be largely in the boreal forests (Table  1 ). The results indicate that the temporal dynamics of latitudinal distribution of annual NEP are also sensitive to the magnitudes and paths of changes in climate and atmospheric CO2 concentration. for carbon sequestration in mature natural terrestrial ecosystems. Of the 186.1 Pg C "potential" global CO2 uptake by the terrestrial biosphere over the period 1990-2100 in the RRR climate change prediction, relative contributions from the 12 economic regions of the world differ significantly (Table 2) , ranging from 0.5% (0.9 Pg The percentage contributions of each economic region to the global CO2 uptake or global CO2 emissions are also calculated. The three climate change projections are as follows: RRR, reference CO2 emissions and temperature increases; HHL, higher CO2 emission and temperature increase; and LLH, lower CO2 emissions and temperature increases. C) in Japan to 21.3% (39.6 Pg C) in the "former Soviet Union" economic region. The "rest of world" economic region ranks the second largest in net CO2 uptake, accounting for about 18.2% (33.8 Pg C) of the 186.1 Pg C global carbon uptake. The "other Organization for Economic Cooperative Development (OECD) countries" economic region also makes a relatively large contribution, accounting for 17.6% of the 186.1 Pg C global carbon uptake. The total CO2 uptakes over the period of 1990-2100 for the 12 economic regions in the RRR climate are higher than in the LLH but are lower than in the HHL climate change predictions (Table 2) (Table 2 ) (also see Prinn et al., 1998). Total CO2 emissions from fossil fuel combustion over the period of 1990-2100 in the RRR scenario ranges from 37.6 Pg C in Brazil to 332.6 Pg C in the United States. The ratio of the total potential CO2 uptake to the total CO2 emissions from fossil fuel combustion in an economic region is a useful index to measure relative sizes of potential sinks and sources of CO2 by economic regions. In the RRR climate, total carbon uptake by mature natural terrestrial ecosystems in the "other OECD countries" economic region accounts for 41.9% of the total CO2 emission from fossil fuel combustion (78.1 Pg C) in that region, 41.4% of the 95.8 Pg C CO2 emissions in the former Soviet Union economic region but only 4.7% of the 332.6 Pg C CO2 emissions in the United States and 1.7% of the 53.7 Pg C CO2 emissions in Japan (Table 2 ). The ratios of the total potential CO2 uptake by mature natural terrestrial ecosystems over the total CO2 emission from fossil fuel combustion also differ substantially among the 12 economic regions in the HHL and LLH climate change predictions. 
Sinks and Sources of COz Among the Economic
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167. Caution should be taken in using these NEP results in policy discussions relevant to anthropogenic CO2 emissions and carbon taxes, since we use potential mature natural vegetation in this study. These NEP estimates represent the potential CO2 uptake by the terrestrial biosphere or the upper bound for long-term carbon sequestration. We have not taken into consideration the management of agriculture and forests for mitigation of CO2 emissions [Cole et al., 1996; Brown et al., 1996] as well as land use and land cover change [Houghton, 1996] . Quantification of actual land sinks or sources of CO2 requires additional studies that include land cover and land use changes, nitrogen deposition, and air pollution, as well as feedbacks between the biosphere and the atmosphere. Industrial activities and fertilizer application for intensive agriculture have significantly altered the global nitrogen cycle and resulted in substantial increases in atmospheric nitrogen deposition [Melillo, 1995; Galloway et 
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